Arm. When ZW3 is repressed by Wg and Dsh, Arm protein is stabilized, and together with Pan, Arm can activate transcription of target genes.
mutant embryos as a means to test for genetic epistasis.
since its mobility was shifted to a position expected for dsRNA of that size ( Figure 1A ). This RNA undergoes a We show that fz and Dfz2 act upstream of zw3 and downstream of wg to affect cuticle differentiation. Thus, temperature-dependent hyperchromicity of 42% (A 280 ) with a transitional midpoint at 86ЊC (data not shown). dsRNA interference may be a valuable system with which to understand aspects of gene function in many Injection of either ftz-or eve-annealed RNA into wildtype embryos effectively interfered with gene activity as organisms.
demonstrated by cuticle phenotypes characteristic of ftz or eve mutants ( Figures 1B, 2D , and 2E). In contrast, Results antisense or sense RNAs injected separately had an order-of-magnitude weaker interference activity than RNA-Mediated Interference in Drosophila In these studies, we have adapted dsRNA-mediated geannealed RNA ( Figure 1B ). Animals injected with buffer alone had no detectable interference. When a decreasnetic interference for use in Drosophila. dsRNA-mediated genetic interference is based on the observation ing amount of ftz-annealed RNA was injected, interference activity declined also, though interference was still that dsRNA injected into adult C. elegans nematodes specifically blocks gene activity (Fire et al., 1998) . The detectable at the lowest dose ( Figure 1C ). The abundance of each RNA strand at this dose was calculated effects of interference were observed in the injected worms and their progeny. Moreover, only a few dsRNA to be about 2 million molecules per injected embryo. Assuming uniform distribution of RNA, the original inmolecules were required in each affected cell, indicating that its potency was due to some amplifiable process. To jected material would be diluted to about 30 molecules per cell. Thus, dsRNA is a robust inhibitor of gene activity determine whether dsRNA-mediated interference can occur in Drosophila, we synthesized RNA in vitro, alin Drosophila, comparable in its potency to that observed in C. elegans. lowed it to anneal, and injected it into syncytial blastoderm embryos. The ftz and eve genes were chosen for
The phenotypes produced by ds-ftz and ds-eve RNAs were highly specific. Injected animals exhibited cuticle initial characterization of the method based on several criteria. Both genes are required for embryonic segmendefects indistinguishable from ftz and eve loss-of-function mutants ( Figures 2C-2E ( Figures 2E-2G ). Since both ftz and eve are expressed several hours. Persistence is an important issue because many endogenous RNAs are rapidly degraded in cells spanning 60% the embryo's length, the complete phenotypes observed indicate that interference can ocin fly embryos. We prepared dsRNA corresponding to exons common in both ttk transcripts, injected embryos cur in cells throughout the embryo.
The observed interference is at the level of gene exwith the RNA, and examined the lch5 organ in each abdominal segment. All injected embryos (37 of 37) expression. Little or no endogenous Ftz protein was observed in embryos injected with ds-ftz RNA ( Figure 2H) . hibited lch5 organs with increased numbers of neurons ( Figures 3E and 3F ). The potency of this effect was proIn contrast, embryos injected with buffer exhibited a normal pattern of Ftz protein expression ( Figure 2I ). found, with 90% (33 of 37) having all of their lch5 organs affected. Besides the defects in the peripheral nervous We further assessed target specificity of dsRNA interference using the tramtrack (ttk) gene. ttk encodes two system, we also observed that almost all embryos failed to undergo dorsal closure and head involution, two dealternatively spliced proteins with different pairs of zinc fingers (Read and Manley, 1992 ing to the wg gene was injected, the region around the site of injection exhibited a wg-like mutant phenotype, and the remainder of the embryo was wild type (Figure the 5Ј UTR of Dfz2 was injected, no effect on denticle patterning was observed ( Figure 5 ). We also did not 4C). Surprisingly, no animals exhibited a null phenotype despite the injection of twice as much dsRNA as for observe ectopic denticles in embryos injected with dsRNA corresponding to the 5Ј UTR of the fz gene. In other genes. The RNAi effect was localized, and the range of phenotypes was limited by the size of the region contrast, an equimolar mixture of ds-fz and ds-Dfz2 RNAs caused localized transformation of naked cuticle with ectopic denticles. When dsRNA corresponding to Figure 7A ). We used this strain to determine Arias et al., 1988). To examine whether fz and Dfz2 have whether fz and Dfz2 are required for wg action. When a similar function, we injected embryos with ds-fz and these animals were injected with ds-fz and ds-Dfz2 ds-Dfz2 RNAs. After further development, the embryos RNAs, the formation of ectopic naked cuticle was supwere stained with an anti-Engrailed antibody. Exprespressed ( Figure 7B ; Table 1 ). The injected transgenic sion of engrailed was absent in lateral ectoderm within embryos were distinct from wild-type embryos injected the affected region (Figure 6 ). In embryos that were with RNA ( Figure 4D ) and from the uninjected transgenic injected with buffer, engrailed expression in lateral ectostrain ( Figure 7A ). They resembled wild-type embryos derm was easily detected. This discontinuous loss of injected with dsRNA in that they had denticles alternatengrailed expression resembled loss of functional wg ing with naked cuticle plus some localized patches of (Bejsovec and Martinas Arias, 1991). continuous denticle lawn. However, they did not usually The interfering activity of ds-fz and ds-Dfz2 RNA mixhave the complete complement of denticles (Table 1 ). tures could mean that the fz and Dfz2 genes act redunWe attribute this incomplete suppression to the fact dantly, and the activities of both genes must be blocked that interference of fz and Dfz2 is primarily localized to before a phenotype is observed. Alternatively, it could regions close to the site of injection. Nevertheless, this reflect some other synergy between the injected RNAs. result provides genetic evidence for a function of fz and ds-Dfz2 RNA was injected alone into embryos mutant Dfz2 downstream of wg. for fz and was found to possess interfering activity that Transduction of a Wg signal antagonizes the ZW3 was comparable to the interfering activity of mixed dskinase, which functions to modulate levels of Arm. Do fz and ds-Dfz2 RNAs ( Figure 4H ). In contrast, mockfz and Dfz2 act between wg and zw3, as would be preinjected embryos mutant for fz had a negligible segdicted for the Wg receptor? Loss of zw3 activity results ment-polarity phenotype ( Figure 4I ). These data are in all epidermal cells adopting posterior segmental fates, most consistent with the fz and Dfz2 genes acting redunand mutant embryos lack ventral denticles ( Figure 7C ). dantly to pattern the ventral epidermis.
When zw3 mutant embryos were injected with ds-fz and ds-Dfz2 RNAs, there was no change in their phenotype; Fz and DFz2 Act Downstream of Wg they resembled zw3 embryos ( Figure 7D ; Table 1 ). The but Upstream of ZW3 similarity of the phenotypes of zw3 with or without fz Experiments in cell culture had suggested that DFz2
and Dfz2 interference suggests that fz and Dfz2 function upstream of zw3 in wg signaling. acts as a receptor in the Wg signal transduction pathway common to both Drosophila and C. elegans. First, dsRNA is much more effective at producing interference than either individual single strand. Second, the presence of a few dsRNA molecules per cell is sufficient to interfere with genes producing much greater levels of mRNA. We have observed interference of ftz activity with as little as 30 molecules per cell. A rough estimate of ftz mRNA abundance is 150 molecules per cell, or an order of magnitude more than the inhibitory dsRNA. Thus, dsRNA at substoichiometric levels is sufficient to interfere with gene activity. Third, a sequence shared between several closely related genes may interfere with several members of the gene family. We found that dsRNAs corresponding to the 5Ј UTRs of fz and Dfz2 had no interfering activities on their own (Figure 5 ), whereas dsRNAs corresponding to coding sequences shared by fz and Dfz2 had weak but significant interfering activities (data not shown). Another feature of RNAi in C. elegans is that dsRNA is taken up by most or all cells, including germ cells that pass on the interference to progeny worms. We injected dsRNA into syncytial blastoderms that have no cell membranes delimiting the early zygotic nuclei. Therefore, we do not know if dsRNA can also be taken up by Drosophila cells. Moreover, our limited study of germline interference has not yielded any observable transmission of interference through the germ line (data not shown). However, the genes that we initially chose for interference produce lethal loss-of-func- some cells and not others. Several factors may play a role in this variability. It is possible that a low level of gene expression escapes interference, and some pheDiscussion notypes (such as segment polarity) are less sensitive to the level of gene activity. Alternatively, differences in dsRNA Interference in Drosophila mRNA localization may affect interference. All of the We have found that dsRNA is a potent and specific genes in our mosaic class encode secreted or meminhibitor of gene activity in Drosophila. To date, we have brane proteins with mRNAs predicted to associate with attempted to interfere with seven genes (this study and the rough ER. Finally, abundant mRNAs may be more unpublished data) and successfully generated loss-ofsensitive to interference than mRNAs of lower abunfunction phenotypes for all. Thus, RNAi works efficiently dance. The mechanism for dsRNA interference is unknown. in Drosophila. Several features of RNA interference are Embryos were scored for the number of denticle rows in each abdominal segment. These numbers were totaled and averaged for the number of embryos scored. A normal embryo has 46 rows of abdominal denticle rows.
If the mechanism is the same for both flies and nemads-wg RNA also fails to produce a null wg phenotype and produces a similar phenotype to ds-fz and ds-Dfz2 todes, then work from C. elegans points to a posttranscriptional mechanism (Montgomery and Fire, 1998). In RNAs. Thus, the partial inhibition is more likely a limitation of RNAi in blocking certain genes or genetic paththis regard, dsRNA inhibition of ttk activity generated phenotypes, suggesting that both zygotic and maternal ways. Second, ds-fz and ds-Dfz2 RNAs that include a region shared by all members of the frizzled gene family ttk activities were sensitive to interference. Since ttk mRNA transcripts are deposited maternally in eggs for inhibit embryonic patterning to the same degree as dsfz and ds-Dfz2 RNAs that correspond to the nonconuse in zygotes (Read and Manley, 1992) , 1996) . In the embryonic epidermis, 1998). Is there a physiological role for dsRNA in regulatWg specifies cell fate decisions and controls planar poing gene expression? It might be used as a specific larity of cells. This planar polarity is manifested by the cellular defense mechanism against viral infection. Or it orientation of denticles along the anteroposterior axis, might be a general mechanism to regulate normal gene which is disrupted in wg mutants or can be redirected expression. Identification of trans-acting factors reby wg misexpression (Baker, 1988b; Bejsovec et al., quired for interference may aid in its understanding.
1991; Lawrence et al., 1996). There is a second major As a genetic method for nongenetic organisms, difference between wing and embryo. In the wing, DFz2 dsRNA may have broad potential. Even for Drosophila and not Fz mediates the Wg signal. Misexpression of melanogaster, dsRNA has considerable utility. It is estiDFz2 increases the zone of Wg responsiveness in the mated that only one-third of the 12,000 fly genes can wing, but Fz misexpression has no effect (Cadigan et mutate to cause a detectable phenotype (Miklos and al., 1998; Zhang and Carthew, 1998). Null fz mutants do Rubin, 1996) . Genetic redundancy likely accounts for not perturb cell fate decisions attributable to Wg (Adler the majority lacking a phenotype. However, injection of et al., 1990). In the embryo, we find both Fz and DFz2 multiple dsRNAs into a single animal, as done in our are required to mediate the Wg signal. Inhibition of both study with fz and Dfz2, might be a simple means to genes is sufficient to disrupt planar polarity and epiderovercome this redundancy and generate mutant phenomal cell differentiation, whereas inhibition of each gene types. Finally, dsRNA interference experiments on other singly has no effect. Our data is also consistent with invertebrate species could have consequences for the experimental results in which Fz was overexpressed in field of comparative evolution and development that embryos (Tomlinson et al., 1997). relies upon comparing gene structure, expression, and How can Wg, Fz, and DFz2 generate both polarity and function in related species. Although techniques for alcell fate responses in embryos and not in wing discs? tering gene function in arthropod species are being deOne possibility is that in embryos they directly specify veloped (Heldens et al., 1997) , dsRNA interference may cell fates and indirectly affect cell polarity. For instance, become a useful application for this field. they specify the diverse pattern of denticle types that might then determine overall denticle polarity. The egg-laying and injection procedures were done at room temperature, since wg activity is not required until a couple of hours later (GenBank accession M17230); 748-1088 for ds-fzA and 374-2360 for ds-fzL (GenBank accession X54646); 800 nucleotides of 5Ј UTR in embryogenesis (Bejsovec et al., 1991) . While the majority of mockinjected Arm-Gal4/UAS-Wg ts larvae were completely missing ventral for ds-Dfz2A (Zhang and Carthew, 1998); and 800 nucleotides of 5Ј UTR plus coding sequence 1-1030 for ds-Dfz2L (GenBank accesdenticles (78 of 101), the remaining individuals had one or more segments with a variable number of denticles. This variable phenosion U65589). ds-eve RNA was complementary to genomic DNA 111-1464 (GenBank accession M14767), which includes a small type was also observed by Lawrence et al. (1996) . Since an average of 28% of injected embryos survive to secrete cuticle, it was formally intron.
DNase treatment of ftz RNA preparations had no effect on the possible that injection of fz and Dfz2 RNA was selecting against Arm-Gal4/UAS-Wg ts survivors with completely naked cuticle. Three interference activity of ftz RNA (data not shown) and was not performed on some of the RNA preparations. It was unecessary to observations argue against this possibility. First, the rate of survival for Arm-Gal4/UAS-Wg ts embryos when mock injected was 42% (64 perform an annealing reaction on RNA products that were derived from the double T7-PCR templates, since these RNAs self-annealed of 151), compared to 26% (62 of 240) when injected with dsRNA. This difference in survival rate would not be sufficient to account during synthesis (data not shown). All other RNA products were extracted with phenol/chloroform, ethanol precipitated, and disfor the observed difference in cuticle phenotypes between mockand dsRNA-injected groups. Second, individuals who had ventral solved in annealing buffer (1 mM Tris [pH 7.5], 1 mM EDTA). To anneal, equimolar quantities of sense and antisense RNAs were denticles after being injected with dsRNA had significantly more rows of denticles than mock-injected individuals who had ventral mixed in annealing buffer to a final concentration of 0.45 M each. Small aliquots (11.1 L) of the mixture were heated in a 150 mL denticles. Third, some individuals injected with dsRNA had ectopic denticle rows, which was never observed in mock-injected larvae. beaker of boiling water for 1 min, at which time the beaker was removed from the heat source and allowed to cool to room temperaFor epistasis testing with zw3, zw3 M11-1 mutant embryos were derived from females with mosaic germ lines generated by the FLPture for 18 hr. All RNA aliquots were then stored as an ethanol precipitate at Ϫ80ЊC until immediately before use. RNA precipitates DFS technique as described (Siegfried et al., 1992) . Mosaic females
